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Abstract. In an earlier publication we developed a bubble model, based on our evolution of the original ideas
of van Hove which we concurred with over two decades ago; namely, that if a quark–gluon plasma is pro-
duced in a high energy heavy ion collider, then some of its hadronization products could be emitted from
small bubbles localized in phase space containing plasma. In this paper we refined the model to become
a parton bubble model in which each localized bubble contains initially 3–4 partons which are almost en-
tirely gluons forming a gluon hot spot. We greatly expanded the transverse momentum interval investigated
and thus are able to treat recombination effects within each bubble. We again utilize two-particle correla-
tions as a sensitive method for detecting the average bubble substructure. In this manuscript we make many
predictions for angular correlations detectable at RHIC, which will be later modified to LHC conditions.
A quantitative test of the multi-bubble substructure assumed in the model was made by comparing with
precision STAR Collaboration correlation analyses. Good quantitative agreement was obtained. Some early
available low precision correlation analyses is qualitatively explained.

1 Introduction and general considerations

In an earlier publication [1] we introduced a bubble model.
In this paper we further developed our evolution of the
original ideas of van Hove with which we concurred with
over two decades ago [2–7]; namely, that in heavy ion col-
lisions at energies that are accessible at colliders such as
RHIC or LHC, if a quark–gluon plasma (QGP) is cre-
ated, it might produce bubbles (or droplets) containing
QGP localized in phase space. In [1] we proposed a bub-
ble model for high energy heavy ion collisions, consist-
ing of a single ring of 13 adjoining 2 fm radius bubbles
transverse to the collider beam direction, centered on
the beam, and located at or near mid-rapidity. Figure 1
of this paper has 12 bubbles in the ring and represents
the bubble geometry used in this paper. Reference [1]
had 13 bubbles in the ring because that was the mean
number of that prior calculation. Thus though the two
figures are very similar they are not identical. Therefore
Fig. 1 is the geometry for the final state kinetic freeze-
out of the QGP bubbles on the surface of the expand-
ing fireball. In the central (near impact parameter 0)
mid-rapidity region at RHIC we are observing the region
where the highest energy densities and temperatures (par-
ton energies) are produced. The

√
sNN = 200GeV central

Au+Au collisions at RHIC produce initial energy densi-
ties [8] which exceed those predicted by lattice quantum
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chromodynamics (QCD) as sufficient for production of
a QGP [9].
In this paper we are concerned with making model pre-

dictions which can, by comparing with experimental ana-
lyses, test whether a localized bubble (gluonic hot spots)
substructure exists. After a successful demonstration of
this, we plan in a later stage to search for QGP charac-
teristics arising from the bubbles. Evidence for a bubble
substructure (dense gluonic hot spots) perhaps originating
from a quark–gluon plasma (QGP) could be found in par-
ticle correlations produced in these collisions.

1.1 Motivation for the model

Our motivation for the evolution of the bubble model has
been the following: In the early eighties it was reasonable
to expect that high gluon densities would be produced at
RHIC in central Au+Au collisions at

√
sNN = 200GeV/c.

Due to strong attraction between gluons of low relative
momenta one could speculate that clusters or bubbles
of higher density gluons (gluonic hot spots) localized in
phase space would form. The van Hove model [2] pro-
posed in 1984–1985 was a good illustration of this pos-
sibility. The actual dynamics of formation of these clus-
ters or bubbles and their evolution to the final state
at freeze-out involved strong non-perturbative QCD ef-
fects and dynamical effects. These effects are enormously
complex and are not understood, because they involve
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Fig. 1. The bubble geometry
is an 8 fm radius ring perpen-
dicular to and centered on the
beam axis. It is composed of
twelve adjacent 2 fm radius
spherical bubbles elongated
along the beam direction by
the Landau longitudinal ex-
pansion. The upper left fig-
ure is a projection on a plane
section perpendicular to the
beam axis. The lower left fig-
ure is a projection of the bub-
ble geometry on a plane con-
taining the beam axis. The
lower right figure is a per-
spective view of the bubble
geometry. Due to rotational
invariance about the beam
axis the only direction that
is meaningful to define is the
beam axis shown in the lower
two figures

a series of processes, many of which are not known and
calculable. Thus they could at best only be approxi-
mated by models such as a string model or other models.
Therefore one could only speculate, and hope that fu-
ture experimental observations would possibly provide
evidence for such substructures. With the observation of
substructures, they become input to theoretical models.
Such a model could then be tested by comparison with
experimental data analyses sensitive to such substruc-
tures. Depending on the uniqueness of the substructure
signals, convincing evidence for these bubbles might be
established.
Whether a QGP is formed or not formed, the evidence

for substructure and a way to isolate these substructures
makes it possible to do further detailed analyses. If QGP
signatures exist in these substructures (bubbles) then one
could have an enriched sample that could eventually pro-
vide evidence for the QGP.
Observations using the Hanbury–Brown and Twiss

quantum interference (HBT) [10, 11] show that the final
state source size has a dimension characterized by a radius
of 6 fm at low pt. This source size reduces with increas-
ing pt to approximately 2 fm at or above a pt value of
0.8 GeV/c. We used the above fact to postulate a bubble
substructure in the final state with the radial dimension
of each bubble approximately 2 fm. This led to [1] and the
present parton bubble model presented in this manuscript.
Reference [1] also led to the STAR experimental data ana-
lyses [12] which were designed to provide a quantitative
test for the model [1]. The parton bubble model presented
in this manuscript is a parton inspired version of [1]. In
Sect. 4 we compare the STAR experimental analysis [12]

with our analysis of parton bubble model generated events
and find good quantitative agreement.
A letter [13] quoted and discussed in [1] was relevant to

our work since it predicted a range of domain sizes (bubbles
or gluonic hot spots) one of which was 2 fm which coincided
with our HBT based estimate. Two earlier papers [14, 15]
considered gluonic hot spots and are of interest, but they
were not used in our work.
In summary our original motivation was the van Hove

model, which was the earliest, and predicted how to
check it quantitatively by experiments. Our manuscript
in 2000 [7] predicted striking signals for isolated bubbles
(gluonic hots spots) which were not observed. The HBT
work and our interpretation of it as due to a multi-bubble
substructure of radial dimensions approximately 2 fm is
described in [1] and the present manuscript. These ideas al-
lowed us to build a model based on striking experimental
observations.

1.2 General details

The bubble ring radius of our model was estimated by blast
wave and other general considerations to be approximately
8 fm [1]. This single bubble ring resides on the surface of
the expanding fireball at freeze-out. Each bubble might
emit a considerable fraction of final state particles result-
ing from the QGP state, and there would be very little
re-interaction for those emitted outward from the surface
because the surface of the fireball is at freeze-out. The
choice of the 2 fm radius was motivated by the HBT [10, 11]
observationswhich have shown that at low pt the final state
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source size radius is about 6 fm, whereas above 0.8GeV/c
the source size reduced to about a 2 fm radius.
The 2 fm source size observed by HBT analyses was in-

terpreted as phase space focusing of the viewed region of
the overall source becoming smaller and near the surface as
one selects particles with pt values higher than 0.8GeV/c.
Phase space focusing makes it possible for these higher
pt particles to view and resolve individual 2 fm radius re-
gions (bubbles) on the surface of the expanding fireball.
If there is such a bubble substructure it would appear as
angular regions of greater particle production above a pt
momentum of 0.8 GeV/c. Therefore two-particle angular
correlations could detect this bubble substructure. The dif-
ference in angle particle correlation techniques we are em-
ploying are powerful methods in determining bubble sub-
structure since it is the relative angles of the two particles,
not their position on the fireball surface, that is important.
Thus our bubble ring of approximately 2 fm radius bub-
bles would lead to the phase space focusing which produced
the approximately 2 fm final state source size observed by
HBT [10, 11], since the 12 bubbles would image on top of
each other.
In [1] we took account of the well known Landau lon-

gitudinal expansion of the fireball that causes the angular
spread of particles to be much larger in the longitudinal di-
rection than the transverse. This longitudinal expansion of
the fireball will continue to be an important feature of the
present manuscript.
In this paper we expand the model of [1] and em-

ploy a 12 bubble ring similar to the previous work (which
had 13 bubbles), but treat mid-rapidity Au+Au

√
sNN =

200GeV central production (impact parameter near 0).
Using some RHIC Au+Au data with

√
sNN = 200GeV,

we adjusted our model and make predictions for angular
correlation analyses of charged particles emitted from the
surface of the fireball.
We will concentrate on the experimentally observed

particle pair angular correlations in the transverse mo-
mentum region 0.8GeV/c < pt < 4.0 GeV/c, except those
at small relative angles where Coulomb and HBT effects
occur. Background resonances are also considered unim-
portant. Figure 1 shows a sketch of the bubble geometry
used. Our goal is to develop a parton inspired bubble
model. Thus we assume that essentially all mid-rapidity
two-particle angular correlations in the final state of cen-
tral heavy ion collisions, except the small angle Coulomb
and HBT effects, results from particle emission by the par-
ton bubbles formed on the outer surface of the expanding
fireball. The present paper will concern itself with predic-
tions that are testable at RHIC. However, when sufficient
knowledge of the characteristics of future LHC data be-
comes available we intend to apply these ideas, suitably
modified for conditions at LHC, to those data. We spec-
ulate that at the much higher LHC energies there will
be localized gluonic hot spots (bubbles) on the surface of
the fireball at freeze-out, and the resultant particle emis-
sion from the bubbles is the dominant factor determin-
ing the experimentally observed correlation structure. It
is possible that unforeseen phenomena could drastically
change the correlation structure. Excluding this possibil-

Table 1. Parameters of bubble model for charged particles

Variable Amount Fluctuations Systematics

Bubbles 12 0 0
Particles 7.3 2 0.7
Soft 104 12 0
pt (GeV/c) 6.0 0.8 0.3
Energy (GeV) 9.0 4.0 2.0

ity, we need to know two major factors in order to apply
the parton bubble model. The first is the HBT analyses as
a function of pt which will give the approximate radial bub-
ble dimension. The second is a blast wave fit of the LHC
data to determine the overall size of the freeze-out surface
and the pt range of the surface bubbles. These two factors
will define the bubble ring geometry and its characteris-
tic parameters corresponding to those cited in Table 1. The
pt (GeV/c) and energy (GeV) in Table 1 would likely both
increase as the energy of colliding heavy ions increases.
In our earlier work [1], we made a cut on the trans-

verse momentum 0.8 GeV/c < pt < 2.0 GeV/c. The lower
bound was chosen to resolve individual bubbles and take
advantage of phase space focusing to enhance the bubble
signal, by adding up contributions frommany bubbles. The
upper bound was chosen in order to avoid possible jet frag-
mentation contamination. However, now it is clear that
jets are strongly quenched [16, 17], and provided one does
not use a jet trigger the particles in the 2.0 to 4.0 GeV/c
pt range are not the usually expected jet fragmentation
particles. For example many of the particles exhibit η elon-
gation very inconsistent with jet characteristics [18]. In
the present work we think it is reasonable to assume that
a large fraction of the particle correlations in the 0.8 to
4.0GeV/c pt range come from bubbles. Expanding our up-
per cut to 4.0GeV/c allows us to explore quark–quark re-
combination [19] and various combinations of two-particle
correlations such as for example angular correlations of
protons and antiprotons with other charged particles. The
kinematical consequences of quark–quark recombination
require the consideration of this higher pt cutoff. Further-
more it appears reasonable to make the approximation
that for central Au+Au collisions at RHIC, jet fragmen-
tations from parton–parton scattering are small compared
to our bubble fragmentation, because of jet quenching.
Parton–parton scattering is an initial state effect which is
reduced by the medium, whereas our bubbles are the final
state source on the outer surface of the fireball.

2 Our parton bubble model

In our earlier work [1], we constructed a model for bubble
formation based on the modification of the HIJING event
generator [20]. The most important modification was the
replacement of the jets (sometimes referred to as mini-jets)
with bubbles. We also modified the particles from the re-
maining beam jets fragmentation by including the effects
of elliptic flow. For this work HIJING is further modified
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so as to merely become a source of background particles.
HIJING has two relevant sources of particle production:
jets which fragment into particles which are referred to as
jet particles, and the soft particles which come from beam
jet fragmentation. The jet particles are not flat in azimuth
but bunch around the jet axis. The beam jets fragmenta-
tions are very flat in azimuth.
Also in this work we make the approximation that jet

particles are essentially removed or have their correlations
eliminated by quenching, and thus there are no correla-
tions left due to jets. Only the soft beam jet particles from
HIJING are left, and they do not have any correlations.
Therefore, they are our background particles in the corre-
lation investigations. However, we did include the effects
of elliptic flow [21–23] on the soft beam jet particles since
elliptic flow does generate a small cos(2∆Φ) term in the
correlation. Momentum, energy, and charge conservation
are all satisfied within the bubble ring in this model.

2.1 The correlation function

We utilize a two-particle correlation function in the two
dimensional (2D) space of ∆Φ versus ∆η. The azimuthal
angle Φ of a particle is defined by the angle of the particle
with respect to the vertical axis which is perpendicular to
the beam axis and is measured in a clock-wise direction
about the beam. ∆Φ is the difference, Φ1−Φ2, of the Φ
angle of a pair of particles (1 and 2). The pseudo-rapidity η
of a particle is measured along one of the beam directions.
∆η is the difference, η1−η2, of the η values of a pair of
particles (1 and 2).
The 2D total correlation function is defined by

C(∆Φ,∆η) = S(∆Φ,∆η)/M(∆Φ,∆η) , (1)

where S(∆Φ,∆η) is the number of pairs at the correspond-
ing values of ∆Φ,∆η coming from the same event, after we
have summed over all the events.M(∆Φ,∆η) is the num-
ber of pairs at the corresponding values of ∆Φ,∆η coming
from the mixed events, after we have summed over all our
created mixed events. A mixed event pair has each of the
two particles chosen from a different event. We make on
the order of 10 times the number of mixed events as real
events. We rescale the number of pairs in the mixed events
to be equal to the number of pairs in the real events. This
procedure implies a binning in order to deal with finite
statistics. To enhance comparison we use the same binning
in our simulations as is used by the STAR high precision
experimental analyses [12]. The division by M(∆Φ,∆η)
for the experimental data essentially removes or drastically
reduces acceptance and instrumental effects. If the mixed
pair distribution was the same as the real pair distribu-
tion C(∆Φ, ∆η) would be 1 for all values of the binned
∆Φ,∆η. This difference correlation function has the de-
fined property that it only depends on the differences of
the azimuthal angle (∆Φ) and the beam angle (∆η) for
the two-particle pair. Thus the two dimensional difference
correlation distribution for each bubble which is part of
C(∆Φ,∆η) is similar for each of our 12 bubbles and will
image on top of each other.

In experiments one often separates the total corre-
lation into signal and background correlations. There-
fore the total correlation= signal correlation+background
correlation.
When we refer to a correlation in this paper without

a qualifier, it equals the total correlation, which is some-
times explicitly stated for clarity. If it is the signal cor-
relation, the qualifier signal is added. If it is background
correlation, the qualifier background is added.

2.2 Details of the model

A parton that forms a jet fragments into particles through
a QCD shower process which finally forms quarks and anti-
quarks in colored pairs. These quarks and antiquarks com-
bine into color singlet hadrons which form the jet particles.
The spectrum of initial jet partons is given by the satu-
ration scale and perturbative quantum chromodynamics
(pQCD) cross sections. The parton scattering occurs as bi-
nary scattering of two partons leading to a dijet structure.
The dijets to lowest order scatter in opposite azimuthal di-
rections (back to back), while the amount of longitudinal
momentum varies. Each jet has a well defined η and Φ di-
rection (see Fig. 2).
Particle production from our bubbles uses a similar

parton QCD shower fragmentation as a jet with a well
defined Φ angle. Inside the bubble there are 3–4 partons
with differing longitudinal momentum (see Fig. 3). The pt
distribution of the partons inside the bubble is similar to
pQCD but has a suppression in the high pt region like the

Fig. 2. A jet parton shower

Fig. 3. Each bubble contains 3–4 partons as shown
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data [16, 17]. We use Pythia fragmentation functions [24]
for the bubble fragmentation.
Due to complexity and lack of knowledge of this com-

plex process which involves non-perturbative QCD, and
collision dynamical effects, it is not practical to calculate
the number of partons in a bubble or the longitudinal mo-
mentum of each parton. Therefore we utilized comparison
of some similar STAR data to adjust these. The parton
bubble model simulations used the transverse momentum
range 0.8< pt < 2.0 GeV/c in order to match the experi-
mental data; see Figs. 4 and 5, which illustrate how good
an agreement we obtain between the STAR data and the
model after these adjustments.
The STAR experiment has measured charged par-

ticle pair correlations for approximately 0–10% central-
ity Au+Au events at

√
sNN = 200GeV [25]. The pt

range of that data is 0.8 to 2.0GeV/c for the η range
|η| < 1.0. Two ∆η bins are presented in that analysis
(0.0 <∆η < 0.3 and 0.6 <∆η < 0.9). The adjustable pa-
rameters in our parton bubble model are the number of
partons per bubble and their longitudinal distribution.
200 000 model events were generated to compare with the
STAR analysis. These events had the same pt range as
the data. For each simulated event we added the par-
ticles emitted from 12 bubbles and enough soft beam jets
in order to have an average of 186 charged particles per
event in order to agree with the data. We adjusted the
model simulated data to the STAR data to determine
the number of partons per bubble and their longitudinal
momenta.

∆η

Fig. 4. The ∆Φ charged particle pair correlation for soft modi-
fied HIJING plus bubbles, which is the bubble model, com-
pared to [25] data for ∆η (0.0<∆η < 0.3). The 0 –10% central-
ity in HIJING corresponds to impact parameter (b) range 0.0 to
4.0 fm. The agreement is very good

Fig. 5. The ∆Φ charged particle pair correlation for soft modi-
fied HIJING plus bubbles, which is the bubble model, com-
pared to [25] data for ∆η (0.6 <∆η <0.9). The 0–10% central-
ity in HIJING corresponds to impact parameter (b) range 0.0 to
4.0 fm. The agreement is very good

Figure 4 shows the particle pair correlation for soft
modified HIJING plus bubbles, which is the bubble model,
compared to [25] data for the ∆η bin (0.0<∆η < 0.3). The
0–10% centrality region in HIJING corresponds to an im-
pact parameter (b) range of 0.0 to 4.0 fm. The away side
(beyond 90◦) bump in Fig. 4 is due to momentum conser-
vation in the ring of bubbles plus a reaction plane gener-
ated elliptic flow v2 consistent with RHIC data (mean v2
equals 0.035) [12, 21–23]. Figure 5 shows the model for the
∆η bin (0.6<∆η < 0.9) compared to [25]. The agreement
between the bubble model and the RHIC data in Figs. 4
and 5 is very good.

3 Parton bubble model correlation predictions

Let us look at some correlation predictions of the bubble
model we have adjusted to the STAR data. First we plot
the part of the correlation that comes from a single bub-
ble considering unlike-sign charged track pairs, for |η|< 1.0
and pt from 0.8 to 4.0 GeV/c. Figure 6 is a 2D perspec-
tive plot of ∆Φ versus ∆η for the part of the unlike-sign
charged pair correlation signal which has contributions
from particles coming from the same bubble. All other
combinations of pairs are subtracted. The particles emit-
ted from a bubble are all signal particles which contribute
to correlations.
The particles emitted from one bubble are uncorre-

lated to particles emitted from another bubble, except
for momentum conservation requirements. The particles
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Fig. 6. A 2D perspective plot
of ∆Φ (right side scale) versus
∆η (left hand scale) for the
part of the unlike sign charged
pair correlation signal which
has contributions from par-
ticles coming from the same
bubble. All other combina-
tions of pairs are subtracted.
In Figs. 6–9, because of sub-
traction, 0 corresponds to 0
correlation

Fig. 7. A 2D perspective plot
of ∆Φ (right side scale) versus
∆η (left hand scale) for the
part of the like sign charged
pair correlation signal which
has contributions from par-
ticles coming from the same
bubble. All other combina-
tions of pairs are subtracted

from the HIJING beam jet particles are background par-
ticles and do not contribute to the correlation except for
a small amount of elliptic flow. The total correlation of
the bubble model is the sum of the correlation of all the
pairs. The away side peak (beyond 90◦) in the total cor-
relation of the parton bubble model is built up from mo-
mentum conservation between the bubbles and is an im-
portant contribution to the total correlation predicted by

the model and not a background. Therefore in comparing
the model with experiment one should compare the total
correlation.
In Fig. 6 the ∆Φ range is 0◦ to 180◦ and the ∆η range

is 0.0 to 1.5. We see that the total width in the ∆Φ direc-
tion is about 60◦. The ∆η width is very large, dropping
from a high of 0.047 to 0.034 in the ∆η range of 0.0 to
1.5. If this was a Gaussian in ∆η, the width would be 1.86,
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Fig. 8. A 2D perspective plot
of ∆Φ (right side scale) versus
∆η (left hand scale) for the
charge independent correla-
tion (CI) signal for track pairs
from the same bubble. All
other combinations of pairs
are subtracted. This figure
displays the average correla-
tion of particles coming from
individual bubbles. The emis-
sion of particles from the bub-
ble is by pair production from
partons which are almost en-
tirely gluons

Fig. 9. A 2D perspective plot
of ∆Φ (left side scale) ver-
sus ∆η (right side scale) for
the charge dependent corre-
lation (CD) signal for track
pairs from the same bub-
ble. All other combinations
of pairs are subtracted. This
figure displays a measure of
the 2D pair emission correla-
tion of the unlike sign pairs
of particles emitted from the
same space-time region. The
CD signal correlation is sym-
metric in ∆Φ and ∆η (∼ 30◦

width in each)

which would correspond to an angle of 72◦. Our bubbles
are on the surface of the fireball when they emit individ-
ual particles and resonances which decay into particles. In
the center of mass (CM) of the bubble which is moving with
the surface half the particles are emitted outward from
the surface. These are the ones which would be observed
experimentally. Particles that are emitted from the inte-
rior region of the fireball have a large probability of being
absorbed by the strongly interacting medium. These par-

ticles are also softer and are mainly below our pt cut. The
particles from the bubble that are emitted back toward
the fireball would also be softer when their CM motion is
subtracted from the motion in the rest frame of the bub-
ble. Thus these particles also have a large probability of
being absorbed by interaction with low momentum par-
ticles in the fireball or having their momentum reduced
below our pt cut. We will later on in Sect. 7 in this pa-
per discuss all of the particles when comparing with data
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that contain a large number of low energy particles, but
generally we will only consider the particles above our
pt cut which are emitted on the outgoing surface of the
bubble. Figure 7 shows the like-sign charged pair correla-
tion signal coming from the same bubble. This figure is
generally similar in appearance to the unlike-sign charged
pairs except for a symmetric dip at small ∆η and ∆Φ at
∆η centered near zero. This dip spreads about 15◦ in ∆Φ
and 0.3 in ∆η (which is approximately 15◦ in the η di-
rection). In [1] we had determined that the ∆Φ width of
emission of a single particle was about 30◦, and thus the
expected ∆Φ width for a particle pair would be approxi-
mately double, which is about 60◦, in agreement with the
∆Φ width of the unlike pairs signal and like pairs signal in
Figs. 6 and 7.
When we were adjusting our bubble model to the RHIC

data, we considered all charged pairs of tracks independent
of their charge. This correlation is called the total charge
independent (CI) correlation. The CI correlation is de-
fined as the sum of the unlike-sign charged pairs total cor-
relation and the like-sign charged pairs total correlation.
The CI correlation is twice the correlation of all charged
track pairs from a given bubble. Figure 8 shows the CI
correlation signal for track pairs from the same bubble;

Fig. 10. The left side shows a 2D perspective plot of the total correlation (including background) for the unlike-sign charged
pairs predicted by the parton bubble model. The right side shows the 2D total correlation (including background) for the like-sign
charged pairs for the parton bubble model

all other combinations of track pairs are subtracted. The
HIJING background does not contribute to these corre-
lations as previously mentioned. Again the ∆Φ range is
from 0◦ to 180◦ and the ∆η is from 0.0 to 1.5. This fig-
ure displays the average correlation of particles coming
from individual bubbles. The emission of particles from
the bubble is by pair production from partons which are
almost entirely gluons. The gluons produce colored pairs
of quarks and antiquarks, which recombine into color sin-
glets that have plus, zero, or minus charge. Thus a local
neutral system contains charged particles, but the total
charge has to add to zero. Particle production from a local
phase space cell is what creates the dip in the small ∆η
and ∆Φ part of the like-sign charged pairs correlation in
Fig. 7. Each local phase space cell has on the order of one
color singlet pair. Since gluons emit unlike-sign charged
pairs from the same phase space cell, like charged par-
ticle pairs emission from the same phase space region is
suppressed.
If we subtract the like-sign charged pairs signal (Fig. 7)

from the unlike-sign charged pairs signal (Fig. 6), we are
left with the balancing plus and minus charge emissions
which are emitted from the same space-time region. This
correlation is called the charge dependent (CD) correlation
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signal. The CD correlation is defined as the subtraction
of the like-sign charged pairs correlation from the unlike-
sign charged pairs correlation, including background in
each. This correlation, when observed experimentally, is
within the errors the same as the CD signal which is de-
fined as (the unlike charged pairs correlation minus the
background)− (the like charged pairs correlation minus
the background). This occurs since the backgrounds cancel
in the subtraction.
A physical interpretation of the CD signal is that it dis-

plays a measure of the emission correlation of the opposite
sign pairs of particles emitted from the same space-time re-
gion. The subtraction removes those pairs of opposite sign
particles which do not come from the same space-time re-
gion. This CD signal correlation is shown in Fig. 9. In Fig. 9
the CD signal correlation is symmetric in the correspond-
ing ∆Φ and ∆η angular widths (∼ 30◦). This is because the
average pair has an opening angle between the plus andmi-
nus particle up to 60◦ in a random distribution about some
fixed η and Φ direction for the bubble. There are some sys-
tematic errors in the fragmentation of the partons from the
bubbles. To correct this we have kept the number of bub-
bles fixed and varied the fragmentation parameters, while
keeping our agreement as good as seen in Figs. 3 and 4. In
Table 1 we give the parameters of the bubble model only
considering charged particles. The neutral particles are not
included in the table.

Fig. 11. The left side shows the 2D total correlation for the unlike-sign charged pairs determined in the STAR experiment. The
right side shows the 2D total correlation for the like-sign charged pairs determined in the STAR experiment. When comparing
Fig. 10 with Fig. 11 note the scale on the right side of Fig. 11 is somewhat enlarged compared to all other plots in Figs. 10 and 11

4 Comparison of parton bubble model
and high statistics STAR correlation
experimental analysis

Reference [12] had a pt cut of 0.8 GeV/c < pt < 2.0 GeV/c,
consistent with our first multi-bubble model paper [1].
Therefore in making a comparison with this new STAR
data analysis we have modified the parton bubble model
to have the above pt range. The STAR analysis of [25]
used earlier was found to be consistent with the new an-
alysis [12] for the CI ∆Φ correlation in two ∆η bins. In the
sections above we have treated the adjustment procedure
used for the two variables of the model; which need to be
determined are the longitudinal momenta of the partons
and their number per bubble. The number of partons per
bubble was 3–4 as determined previously.

4.1 Unlike-sign and like-sign charged pairs

There are two different basic types of pair correlations,
unlike-sign charged pairs and like-sign charged pairs.
Both experiment and theory contain signals and back-
ground correlations in these two pair types. The separa-
tion of signal and background is model dependent; thus
we will compare the total experimentally observed corre-
lation in STAR with the total correlation generated by
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the parton bubble model. We have: total correlation =
signal correlation+background correlation.
Figure 10, left side, shows a 2D perspective plot of the

total correlation (including background) for the unlike-sign
charged pairs predicted by the parton bubble model. The
right side shows the 2D total correlation (including back-
ground) for the like-sign charged pairs for the parton bub-
ble model.
Figure 11, left side, shows the 2D total correlation for

the unlike-sign charged pairs determined in the STAR ex-
periment. The right side shows the 2D total correlation for
the like-sign charged pairs determined in the STAR experi-
ment. When comparing, note that the scale on the right
side of Fig. 11 is somewhat enlarged compared to all other
plots in Figs. 10 and 11.
The parton bubble model predictions are in reason-

able agreement with the experimental data. A quantita-
tive comparison will be made for the important physically
interpretable CI and CD total correlations in Sects. 4.2
and 4.3 respectively.

4.2 Charge independent correlation

The CI correlation is defined as CI = unlike-sign charge
pairs correlation+ like-sign charge pairs correlation. The
CI correlation is the most important one, since it displays
the average structure of the correlated emitting sources.
As stated previously we need to compare the total experi-
mental CI with the total parton bubble model CI. The
analytic formulae for the experimental unlike-sign and like-
sign charge pairs correlation are given in the STAR pa-
per [12]. We generated two million 0–10% centrality events
in order to compare with the CI correlation of STAR. In
order to make a quantitative comparison we divide the 2D
CI up into five ∆η bins as shown in Fig. 12. In each la-
beled ∆η bin we show the ∆Φ total correlation for the CI
as a function of ∆Φ. The STAR Au+Au central trigger an-
alysis results from the formulae are shown as a solid line.
The parton bubble model predictions are shown by the
circular points, which are large enough to include the sta-
tistical errors from the 2 million events. In order to show
all five ∆η bins, and the comparison between the model
and the experiment, we use an offset technique. The ver-
tical correlation scale is not offset for the largest ∆η bin,
1.2<∆η < 1.5, and is the lowest bin on the figure. As one
proceeds upwards to the next bin ∆η the correlation is
offset by +0.01. This is added to the correlation of each
subsequent ∆η bin. The smallest ∆η on top of Fig. 12 has a
+0.04 offset. A solid straight horizontal line shows the off-
set for each ∆η bin. Each solid straight horizontal line is at
1.0 in correlation strength.
The agreement between the parton bubble model and

the STAR experimental analysis is very good in each of the
five ∆η bins. The difference between the STAR experiment
total CI and the parton bubble model predictions for them
in the five ∆η bins considered are smaller than approxi-
mately 0.1%. This is 10% of the observed correlation. The
average differences are smaller, namely, 4% for four of the
∆η bins and 5% for the smallest ∆η bin. Thus we have suc-
cessfully explained the observed CI correlation in this high

Fig. 12. In each of the five labeled ∆η bins we show the
∆Φ total correlation for the CI as a function of ∆Φ. The
STAR Au+Au central trigger analysis results from the formu-
lae of [12] are shown as a solid line. The parton bubble model
predictions are shown by the circular points (◦) which are large
enough to include the statistical errors from a 2 million event
sample. The vertical correlation scale is not offset and is cor-
rect for the largest ∆η bin, 1.2 <∆η < 1.5, and is the lowest
bin on the figure. As one proceeds upwards to the next bin ∆η
the correlation is offset by +0.01. This is added to the corre-
lation of each subsequent ∆η bin. The smallest ∆η and top of
Fig. 12 has a +0.04 offset. A solid straight horizontal line shows
the offset for each ∆η bin. Each solid straight horizontal line is
at 1.0 in correlation strength. The 0–10% centrality in HIJING
corresponds to impact parameter (b) range 0.0 to 4.0 fm. The
agreement is very good

precision experimental analysis in a reasonably quantita-
tive manner with the parton bubble model.

4.3 Charge dependent correlation

The CD correlation is defined by CD= unlike-sign charge
pairs correlation− like-sign charge pairs correlation. The
subtraction of the like-sign charge pairs removes those
pairs of unlike-sign particles that do not come from the
same space-time region. Thus the CD is a measure of the
correlation of the unlike-sign pairs which are emitted from
the same space-time region. We are assuming in the model
that the emission of particles almost entirely occurs from
the bubbles on the surface of the fireball after freeze-out
when there is no further interaction between particles. The
bubbles are mainly made up of gluons and are almost neu-
tral in charge.
Figure 13 shows a 2D perspective plot of the CD pre-

dicted by the parton bubble model. It displays the two
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Fig. 13. A 2D perspective
plot of the total CD correla-
tion predicted by the parton
bubble model. It is the same
as the CD signal since the
background cancels when one
subtracts the like-sign charge
pairs correlation from the
unlike-sign charge pairs cor-
relation. This correlation dis-
plays the unlike-sign charged
pairs correlation from the
same space-time region emit-
ted from the surface of the
fireball at freeze-out

dimensional correlation between unlike-sign charge pairs
from the same space-time region emitted from the surface
of the fireball at freeze-out. Figure 14 is the data plot in
Fig. 6b from the STAR experimental paper [12] which is
labeled as CD signal data. In the CD correlation the ex-
perimental backgrounds cancel almost entirely in the sub-
traction, so that the total CD is the same as the CD signal.
In the parton bubble model they definitely cancel, so the
total CD = the CD signal.
To quantitatively evaluate the agreement between the

experimental CD and the parton bubble model CD, we
make use of the relationship of the CD to the net charge
fluctuation suppression. The net charge fluctuation sup-
pression is directly related to an integral over the CD. We
make a comparison of this suppression between the par-
ton bubble model and the experimentally observed sup-
pression. The net charge fluctuation suppression is the ob-
served percentage reduction in the RMS width of the dis-
tribution of the event by event difference of the number of
positive tracks minus the negative tracks, compared to the
RMS width of a random distribution.
We performed a charge difference analysis for the par-

ton bubble model particles within the same cuts as the
STAR experimental paper [12], which were 0.8 < pt <
2.0 GeV/c and |η| < 0.75, and used the same method de-
scribed there. For each parton bubble model event we
determined the difference of the positive particles minus
the negative particles in our cuts. There was for the sum of
these a net mean positive charge of 4.70±0.01. The width
of the charge difference distribution was given by the RMS
as 10.82± 0.01. To determine the net charge fluctuation
suppression we need to compare this width with the width
of the same set of particles with a random charge assigned.
Then this distribution would have no net charge fluctua-
tion suppression.

Fig. 14. The CD signal determined by the STAR experimental
analysis. It is observed to be the same as the total CD corre-
lation. In Sect. 4.3 it is shown via a quantitative analysis that
in Fig. 14 the experiment agrees in the integral with Fig. 13 the
parton bubble model
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However, we must arrange a slight bias toward a posi-
tive charge particle so that we will end up with the same
net mean positive charge.We now cycle through the events
assigning a random charge to each particle with a slight
bias toward being positive, we obtain a mean of 4.70±0.01
and width (RMS) of 11.47±0.01. The percentage differ-
ence in the width which measures the net charge fluctua-
tion suppression is 5.7%±0.2%. The results of the experi-
mental STAR analysis [12] were that the net charge fluc-
tuation suppression value was 6.0%±0.2%, and the mean
net charge was 4.68±0.01. The parton bubble model re-
sults agree within the errors with the STAR experimental
analysis results. Thus the CD for both agree quantitatively.
Thus we have demonstrated that the parton bubble

model can quantitatively explain the total CI and the total
CD experimentally determined correlations [12]. Since the
unlike-sign and like-sign total correlation are linear com-
binations of the CI and CD, it is implied that they are
also quantitatively explained. Hence all total correlations
in this high statistics experimental analysis, with well un-
derstood systematics, are quantitatively in agreement with
the parton bubble model.

5 Quark–quark recombination

We have shown previously that inside the bubble there
are 3–4 partons with differing longitudinal momenta all at
the same Φ. The pt distribution of the partons inside the
bubble is similar to pQCD but has a suppression in the
high pt region like the data [16, 17]. The showering of the
partons form gluons which fragment into quarks and an-
tiquarks which overlap with each other in space and time.
This leads to and enhances the possibility that pairs of
quarks from two different fragmenting partons can form
a di-quark, since the recombining partons are localized to-
gether in a small volume. The same process will happen
for pairs of antiquarks forming a di-antiquark. This recom-
bination process becomes an important possibility in our
parton bubble model compared to regular jet fragmenta-
tion. Since the quarks which overlap have similar phase
space, the momentum of the di-quark is approximately
twice the momentum of the quarks but has approximately
the same velocity. When mesons are formed quarks pick
up antiquarks with similar phase space from fragmenting
gluons to form a color singlet state. Thus the meson has
approximately twice the momentum of the quark and an-
tiquark of which it is made. When the di-quark picks up
a quark and forms a color singlet it will have approximately
3 times the momentum of one of the three quarks it is
made from. Thus we expect pt spectrum scaling when we
compare mesons to baryons. Figure 15 shows the ratio of
protons plus antiprotons to charged particles as a func-
tion of pt for particles in our simulated central Au+Au
collisions. In Fig. 15 we also plot the ratio from central
Au+Au RHIC data [26]. These experimental results agree
well (considering the errors) with the bubble model pre-
dictions for all charged particles. The background particles
from HIJING have the same ratios observed in pp colli-

Fig. 15. Shows the ratio of protons plus antiprotons to charged
particles as a function of pt for particles in our simulated central
Au+Au collisions. We also plot the ratio from central Au+Au
RHIC data [26]. These experimental results agree well (con-
sidering the errors) with the bubble model predictions for all
charged particles. The plotted ratio for the background par-
ticles in HIJING is similar to pp collisions

Fig. 16. Predicted correlation for ∆Φ in the 0.0 <∆η < 0.3
bin, 0.3<∆η < 0.6, 0.6<∆η < 0.9, 0.9 <∆η < 1.2, and 1.2 <
∆η < 1.5 bins, when the first particle is tagged as a proton or
antiproton
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sions, while particles coming from our bubbles have a much
larger ratio.
Recombination is an important aspect of our bubble

model and leads to a prediction for the proton and antipro-
ton tagged spectrum for example.We form∆Φ correlations
for our usual five ∆η bins using a proton or antiproton
tagged as our reference. The ∆Φ is measured from the
tagged proton or antiproton to another charged particle
(this particle can also be a proton or antiproton). The ∆Φ
is folded to lie between 0◦ to 180◦. The δη is done in the
same way and is folded about ∆η equal zero. Figure 16
shows the ∆Φ correlation for our five standard ∆η bins
(0.0 to 0.3, 0.3 to 0.6, 0.6 to 0.9, 0.9 to 1.2 and 1.2 to 1.5).
By comparison we find that we predict that this correla-
tion is only slightly stronger than our CI correlation for
all charged particles. Of course correlations of other two-
particle combinations can be predicted by the model and
compared to available data and other model predictions.

6 Parton bubble model compared
to standard HIJING

In this section we make a comparison with standard
HIJING [20] with jet quenching turned off. With quench-
ing off HIJING gives an inclusive pt spectrum of charged
particles above 3.0GeV/c which is consistent with binary
scaling of [16, 17]. In [1] we found that the expected QCD
jets from HIJING at

√
sNN = 130GeV for 0–10% central-

ity Au+Au led to a scale factor which was about half that
from the bubble model. This was confirmed when we dou-
bled the number of jets in HIJING. However the width of
jets in ∆η is much narrower for HIJING (or QCD jets)
than for bubbles. In [25] we showed a comparison of STAR√
sNN = 200GeV correlation data for 0–10% centrality
Au+Au with HIJING that also had twice the jets added.
From this reference we compared the ∆Φ correlation for
two ∆η bins 0.0 to 0.3 and 0.6 to 0.9. Again the width in
∆η of the jets was much less compared to the data that we
adjusted our bubble model to.
In this section we have chosen to make a comparison of

our bubble model with the standard HIJING (with no jet
quenching) for all of our ∆η bins and for the two-particle
CI ∆Φ correlations. Figure 17 shows the two-particle CI
∆Φ correlation for our five standard∆η bins (0.0 to 0.3, 0.3
to 0.6, 0.6 to 0.9, 0.9 to 1.2 and 1.2 to 1.5). We used the
same offset technique on the correlation scale as for Fig. 12.
The vertical correlation scale is not offset for the largest ∆η
bin, 1.2<∆η < 1.5, and it is the lowest bin on the figure.
As one proceeds upwards to the next bin ∆η the correlation
is offset by +0.01. This is added to the correlation of each
subsequent ∆η bin. For the smallest ∆η the top of Fig. 12
has a +0.04 offset. A solid straight horizontal line shows
the offset for each ∆η bin. Each solid straight horizontal
line is at 1.0 in correlation strength. The HIJING results
differ greatly from the bubble model predictions.
Let us compare the HIJING jet properties (Table 2)

to our bubble model. We have only 12 bubbles compared
to the 26 jets of HIJING which is a mere factor of 2.

Fig. 17. The bubble model two particle CI correlation com-
pared to standard HIJING (without quenching) CI. In each of
the five labeled ∆η bins we show the ∆Φ total correlation for
the CI as a function of ∆Φ. The vertical correlation scale is
not offset and is correct for the largest ∆η bin, 1.2 <∆η < 1.5,
and is the lowest bin on the figure. As one proceeds upwards
to the next bin ∆η, the correlation is offset by +0.01. This is
added to the correlation of each subsequent ∆η bin. The small-
est ∆η and top of Fig. 17 has a +0.04 offset. A solid straight
horizontal line shows the offset for each ∆η bin. Each solid
straight horizontal line is at 1.0 in correlation strength. The
0–10% centrality in HIJING corresponds to impact parameter
(b) range 0.0 to 4.0 fm

Each jet on the average has three charged particles com-
pared to seven from a bubble, another factor 2. Thus
the number of charged particles from correlated objects is
about the same, 78 compared to 88. However, the bubble
model (modified HIJING with bubbles replacing the jets)
in Fig. 17 has a much larger correlation, near ∆Φ and ∆η
equal 0, and it has a much larger ∆η width than the jets.
The above facts are understood when we consider that the
total energy in charged particles from jets is 57 GeV and is
116GeV for bubbles (more than twice as much). Since the
charged particles that fragment from jets are close to the

Table 2. Parameters of HIJING jets for
charged particles

Variable Amount

Jets 26
Particles 3
Soft 114
pt (GeV/c) 2.2
Energy (GeV) 2.2
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same η (modest spread in ∆η) the energy per jet is approxi-
mately the same as the sum pt per jet.

7 Soft particles from bubbles on the surface

We have chosen our pt range in order to resolve the in-
dividual bubbles on the surface of the expanding fireball
of the Au+Au collision. We have assumed that particles
from a lower pt range mainly come from inside the fireball
since the HBT radii of soft pions is around 6 fm. How-
ever there are charged particles that would come from the
bubble which are below the 0.8 GeV/c pt cut which was
imposed. Many of these particles could be mixed in with
the soft particles from the fireball and could easily un-
dergo re-scattering with the soft particles and lose their
correlation with each other and with particles which are
above 0.8 GeV/c. On the average each bubble creates 45
charged particles, where only seven are above 0.8GeV/c.
The average sum pt of the bubble is 11 GeV/cwith 6 GeV/c
or 58% coming from the seven particles above 0.8GeV/c.
The total rest frame energy from the 45 charged particles is
27 GeV which is 3 times the 9 GeV that goes into the seven
particles above 0.8 GeV/c. Thus above our pt cut we de-
tect 58% of the momentum and 33% of the energy of the
bubble.
Reference [27] has fitted Au+Au CI ∆Φ versus ∆η cor-

relations for a pt range 0.15 to 2.0GeV/c. It is possible
to compare these results with our bubble model under the
assumption that none of our soft charged particles inter-
act in the final state. We believe that this would be highly
unlikely and such a comparison would be an upper limit
to the correlation from the lower pt particles. If the ob-
served correlation is larger than our upper limit, then there
must be more sources of correlated particles. In this com-
parison we are not considering the possibility that bubbles
which exist inside the fireball may also contribute some
angular correlations. We are only considering surface bub-
bles which emit charged particles after freeze-out and that
do not interact in the final state. The 45 charged particles
per bubble times 12 bubbles approximately equals 540 par-
ticles that are added to the soft particles from the HIJING
beam jets. If we use the pt range of [27], we obtain 535
charged particles from bubbles resulting in, on the average,
1135 charged particles per event when the soft particles of
the beam jets are added. Figure 18 shows the two-particle
CI ∆Φ correlation for our five standard ∆η bins (0.0 to 0.3,
0.3 to 0.6, 0.6 to 0.9, 0.9 to 1.2 and 1.2 to 1.5). We used the
same offset technique on the correlation scale as for Fig. 12.
The vertical correlation scale is not offset for the largest ∆η
bin, 1.2<∆η < 1.5, and it is the lowest bin on the figure.
As one proceeds upwards to the next bin ∆η, the corre-
lation is offset by +0.01. This is added to the correlation
of each subsequent ∆η bin. For the smallest ∆η the top of
Fig. 12 has a +0.04 offset. A solid straight horizontal line
shows the offset for each ∆η bin. Each solid straight ho-
rizontal line is at 1.0 in correlation strength. The curves are
from [27] where the fits were done onmid-rapidity Au+Au
central events at

√
sNN = 130GeV. Here we have com-

Fig. 18. Comparison of the CI correlation of the bubble model
prediction for

√
sNN = 200 GeV with experimental results at√

sNN = 130 GeV. In each of the five labeled ∆η bins we show
the ∆Φ total correlation for the CI as a function of ∆Φ. The
vertical correlation scale is not offset and is correct for the larg-
est ∆η bin, 1.2<∆η < 1.5, and is the lowest bin on the figure.
As one proceeds upwards to the next ∆η bin, the correlation is
offset by +0.01. This is added to the correlation of each subse-
quent ∆η bin. The smallest ∆η and top of Fig. 18 has a +0.04
offset. A solid straight horizontal line shows the offset for each
∆η bin. Each solid straight horizontal line is at 1.0 in correla-
tion strength. See Sect. 7 of the text for approximations made
and discussion

pared the results of our bubble model with the experimen-
tal
√
sNN = 130GeV correlation which does not change

a lot from
√
sNN = 200GeV to 130GeV. From our analyses

we conclude that the parton bubble model predictions with
the number of hot spots (bubbles) and their content are
relatively insensitive to a decrease of

√
sNN = 200GeV to

130GeV. We attribute the difference in the correlation of
Fig. 18 to re-scattering of the low pt particles and they are
not significantly due to the energy difference. Using our
regular pt cuts we avoid the re-scattering problem of the
soft particles.
Note the qualitative similarity of the bubble model pre-

dictions and the correlation data fit it is compared with.
Generally the correlation of the data as a function of ∆Φ
is smaller for each ∆η bin particularly in the near forward
angles where the bubble model contribution is largest. The
above study seems to be consistent with surface emission
from bubbles as expected from the bubble model with
roughly half of the charged particles at the lower pt being
rescattered as they make their way out of the interior of
the fireball. These ideas are consistent with jet quenching
of [16, 17] and large energy loss if any parton tries to move
across the interior region of the fireball. Thus the large an-
gular correlations that are seen at RHIC [27] are explained
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as due to bubble hot spots on the surface of the fireball at
freeze-out.

8 Summary and discussion

In this article we revisit our bubble model [1]. We ex-
panded the model to successfully reach our goal of devel-
oping a parton inspired model for these bubbles and de-
scribe how the bubble of partons fragments into charged
particles. With the help of RHIC data [25] we were able
to adjust the model and determine the number of par-
tons (3–4 essentially all gluons) in a bubble and their lon-
gitudinal momenta at a fixed Φ. Experimental informa-
tion [16, 17] about how strong jet quenching is allowed us
to expand the upper limit of transverse momentum (pt) to
4.0 GeV/c, which includes the quark–quark recombination
region without including a significant jet contamination.
Our earlier paper [1] chose to avoid the pt range above
2.0 GeV/c in order to exclude significant jet effects. Uti-
lizing more recently available data we have been able to
make the approximation for central Au+Au collisions that
jets play a small part in our increased 0.8 GeV/c < pt <
4.0 GeV/c range, unless one triggers on high pt particles.
Thus for our un-triggered particle correlations in the bub-
ble model, jets can be ignored. In the longitudinal phase
space of our fragmenting bubbles quark–quark recombina-
tion gives the same velocity to di-quarks and thus twice the
transverse momentum. This recombination increases the
number of baryons and antibaryons in the parton fragmen-
tation of the bubble compared to the normal yield of jet
fragmentation. In Fig. 15 we show experimental data which
agree with the bubble model prediction of the ratio of pro-
ton plus antiproton to all charged particles as a function of
pt (see Sect. 5).
In Sect. 7 and Fig. 18, we compared the predictions of

the bubble model with the correlation data analysis of ∆Φ–
∆η in [27]. This experiment observed particles in the pt
range of 0.15 to 2.0 GeV/c. Thus most of the particles had
a lower pt than the cut> 0.8 GeV/c that we normally use in
the bubble model. However, we were able to show that the
∆Φ–∆η correlations observed were in qualitative agree-
ment with the emission of particles from the fireball surface
bubbles as predicted by the bubble model.
We have made many quantitative predictions for two-

particle correlations that can be quantitatively tested by
high precision data from RHIC. The predictions in this pa-
per are only a fraction of what the parton bubble model
can generate quantitatively as needed to compare with the
correlation data of interest as they become available.
We will below in this section summarize a quantitative

successful comparison with a high statistics STAR experi-
mental analysis [12] described in Sect. 4.
The geometry of the expanding fireball surface along

with the HBT source size of about 2 fm radius chosen for
our adjoining bubbles lead to 12 bubbles in an 8 fm ra-
dius ring, perpendicular to and centered around the beam.
The bubble ring is wrapped around the outer surface of
the fireball at mid-rapidity [1]. We have seen from Table 1

that each bubble on the average has a pt value of 6 GeV/c
when we consider charged particles above 0.8 GeV/c. We
also found that when we consider soft particles from the
bubble the charged particles account for a pt of 11 GeV/c.
If we now consider the neutral contribution, we end up with
pt around 16 GeV/c per bubble. We have shown in Sect. 7
that each bubble on the average contains 27 GeV of en-
ergy in charged particles which increases to 40GeV when
we consider the neutral particles. It is of interest to note
that on the average each bubble contains approximately
one-thousandth of the total initial energy of the Au+Au
system. Since we have 12 bubbles, this implies that there
is 480GeV or∼ 500GeV of energy stored in the bubbles on
the surface of the fireball in the mid-rapidity region.
In Sect. 6 we compare the standard HIJING with the

parton bubble model and found that they differ greatly
(see Fig. 17).
Here we summarize a comparison of the parton bubble

model predictions with a recent high statistics STAR two-
particle correlation paper [12]. This paper has systematic
errors that are well understood and have no significant ef-
fects on its conclusions.
We have modified the pt and η cuts in the parton bub-

ble model in order to correspond to the cuts in the ana-
lyses of the high precision STAR experiment [12] for cen-
tral Au+Au∆Φ–∆η correlations at

√
sNN = 200GeV.We

have shown that the bubble model predictions agree rea-
sonably quantitatively with the experimental analyses of
the total CI and total CD correlations.
The CI correlation displays the average structure of

the correlated emitting sources. The differences between
the STAR experiment’s total CI correlation and the par-
ton bubble model’s total CI predictions for the five ∆η
bins compared are smaller than ∼ 0.1%. This is 10% of
the observed correlation. The average differences are even
smaller, namely, 4% for four of the ∆η bins and 5% for the
first and smallest ∆η bin.
The quantitative comparison of the total CD correla-

tion of the STAR experiment and the parton bubble model
was made by comparing the net fluctuation suppression
which is related to the integral of the total CD. The net
charge fluctuation suppression was 6.0%± 0.2% for the
STAR experiment and 5.7%± 0.2% for the parton bub-
ble model. The net mean positive charge for the experi-
ment was 4.68±0.01 and 4.70±0.01 for the parton bubble
model. These values agree within errors.
Thus we observed good quantitative agreements with

a high precision correlation analysis which was performed
under conditions closely to those incorporated in the par-
ton bubble model. This implies substantial evidence for
the basic properties of the parton bubble model being con-
sistent with the dominant characteristics present in the
data.
These observed characteristics of the parton bubble

model, which lead to the good quantitative agreement
of the CI and CD correlation, imply that the individual
sources of correlated particles are consistent with localized
gluonic hot spots which reside on the surface of the fireball.
Our first goal is to establish the existence of a bubble

type substructure after successful comparison with other
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relevant high precision data which become available. Our
ultimate goal is to investigate the nature and content of the
bubble structure and determine if it has final state proper-
ties implying a QGP.
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